We report here on two stable polymorphs of the dinuclear complex [Re 2 (μ-Cl) 2 (CO) 6 (μ-4,5-(Me 3 Si) 2 pyridazine)]. The compound belongs to the recently reported class of dinuclear luminescent Re(I) complexes of general formula [Re 2 (μ-Cl) 2 (CO) 6 (μ-1,2-diazine)]. In the solid state, the complex exhibits a unique combination of unusual properties: (i) concomitant formation of two highly luminescent polymorphs, and single crystal-to-single-crystal conversion of one form into the other, (ii) remarkable differences in the absorption properties of the two polymorphs due to different redistribution of oscillator strength among the different excitons, and (iii) remarkable differences among the emission properties. In particular, a higher emission quantum yield was found in the solid state than in solution (measured to be 0.52 and 0.56 for the two polymorphs, almost one order of magnitude higher than that of the molecule in solution).
INTRODUCTION
The interest towards high luminescent transition-metal complexes is continuously growing because of their general versatility, chemical stability and ability to capture and emit light efficiently. In solid state devices, the organization of the molecule plays a crucial role in determining the photo-physical properties insofar as the absorption of light and the color and the emission quantum yield are concerned. A well-known consequence of aggregation is the quenching of fluorescence due to charge-transfer, energy-transfer, or via formation of H-type aggregates. In the case of transition-metal complexes, a reduction of the photoluminescence quantum yield accompanying aggregation, is attributed to several processes: concentration-quenching by triplet-triplet annihilation or creation of low-lying excited states or nonradiative paths mediated by intermolecular interactions such as π-π stacking, metal-metal interaction, hydrogen bonds and dipole-dipole interactions 1 . However, a new class of materials shows an enhancement of the emission in the aggregate state -or aggregation-induced emission 3 . A recent addition to this class is the dinuclear rhenium(I) complex [Re 2 (μ-Cl)2(CO) 6 (μ-4,5-(Me 3 Si) 2 pyridazine)] (1), reported by some of us (Figure 1) , 4 which shows stronger emission in the crystalline phase than in solution.This complex belongs to the family of neutral Re(I) complexes with general formula [Re 2 (μ-X) 2 (CO) 6 (μ-1,2-diazine)], where X is halogen. Some of them have recently gained interest for their intense yellow/green emission, occurring from triplet metal-to-ligand charge transfer states showing a modulation effect of the diazine substituent on wavelengths, lifetimes, and quantum yields of the emission. 5 In particular, complex 1 shows an intriguing combination of properties: formation of two highly luminescent polymorphs, irreversible single-crystal-to-single-crystal transformation from one polymorph into the other, and a remarkable difference in the emission quantum yield of the two polymorphs in the solid state with respect to the solution (up to 0.56 vs 0.06 for the solution). This latter effect has been tentatively attributed to the restricted rotation, occurring in the crystalline phase, of the Me 3 Si groups, which are involved in the LUMO level. 4 However, these restricted roto-vibrational motions cannot explain the different colors observed for the two polymorphs, both in the absorption and in the emission spectra. The maximum of the absorption band detected at lowest energy in the polycrystalline form was measured at 3.15 eV for one polymorph and 3.35 eV for the other one. 4 A similar behavior is recorded for the emission spectra since the two species emit in the green (2.32 eV) and in the orange (2.18 eV). 4 To find a possible explanation, our first focus was on the understanding of the role of intermolecular interactions. We noticed that, for the single molecule, the singlet electronic transitions at lowest energies are relatively weak and consequently, strong excitonic interactions leading to large shifts in excited states energies in the two polymorphs were not expected. 6 On these grounds we have investigated the role of higher-energy transitions to explain the differences in the optical properties between the two polymorphs.
Here, we present a combined study of the structure, anisotropy, and crystal optics, which demonstrates that the differences in the absorption properties are ascribed to the different molecular packing and consequent redistributions of excitonic transitions.
EXPERIMENTAL SECTION

Synthesis
The rhenium complex 1 was synthesized by refluxing in toluene solution the [ReCl(CO) 5 ] with the appropriate amount of the 4,5-bis(trimethyl-silyl)pyridazine ligand, as previously reported. 4 A scheme of the synthetic route and of the molecule is reported in Fig. 1 Figure 1 Synthetic scheme of Re 2 (μ-Cl) 2 (CO) 6 (μ-4,5-(Me 3 Si)2pyridazine) (1). 7 
Crystallization of different polymorphs
During the crystallization process, complex (1) can produce the concomitant formation of two polymorphs in the solid state, denoted as orange phase (1O) and yellow phase (1Y). 4 For example, crystallization by slow diffusion of n-hexane into a concentrated CH 2 Cl 2 solution of 1 at room temperature afforded crystals of both phases. Because concomitant polymorphs are nearly energetically equivalent structures, kinetic rather than thermodynamic contributions offer the best tool to obtain each phase alone. By modifying the crystallization rate it was thus possible to separately isolate the two forms. The two forms were obtained separately by modifying the crystallization rate: fast evaporation from CH 2 Cl 2 solution afforded pure 1Y, whilst very slow crystallization (by CH 2 Cl 2 /n-hexane diffusion at 253 K) gave pure 1O (or at worst mixtures much richer in 1O than 1Y). An approach to increase the crystal size of 1O adopted a very slow solvent evaporation of a saturated solution of the complex in trichloromethane. A crystal sample and the solution were left in a sample vial that has a very small perforated cap. Together with the desired crystal, small crystals of the other polymorph also formed, and so the crystal was removed before complete evaporation of the solvent. In a contrasting way, it was possible to increase the size of the 1Y phase with fast solvent evaporation of a saturated solution of methane dichloride. Crystals were also grown by the floating-drop technique (FD) 9 dissolving 5-6 mg of sublimated product in 3 mL of xylene. The solution was filtered (pore size: 0.2 µm), placed on the surface of deionized water and kept in air during solvent evaporation. With this method, both polymorphs were obtained. Another method to obtain 1Y crystals was by irreversible 1O → 1Y phase transition that was induced by thermally treating 1O crystals using a Linkam THMS600 Heating Stage as reported in ref.
4 1O crystalizes in the orthorhombic space group Pna2 1 (No. 33, a = 21.509(2) Å, b = 6.355(2) Å, c = 36.997(2) Å at room temperature) with two independent molecules in the asymmetric unit and eight molecules in the unit cell, while 1Y crystalizes in the monoclinic space group I2/a (No. 15, a = 11.204(2) Å, b = 12.782(2) Å, c = 18.751(2), β = 101.90(2)° (at room temperature) with half a molecule in the asymmetric unit (the molecule lying on a C 2 axis) and four molecules in the unit cell.
Instrumentation and analysis performed
Single crystals of the two phases were selected under crossed polarizations using an optical polarizing transmission microscope Olympus SZX12. Images of the crystal samples were also taken under an Olympus BX51 fluorescence microscope. Polarized absorbance measurements in the UV-visible spectral range were taken at normal incidence using a Perkin-Elmer Lambda 900 spectrometer equipped with Glan-Taylor calcite polarizers.
RESULTS AND DISCUSSION
3.1 1O and 1Y polymorphs: structure, shape 1O grows as a platelet in which the most developed forms correspond to the ab face. Figure 2 shows few images of a 1O crystal taken under the transmission microscope with either parallel polarized and analyzer (left images) or crossed polarized and analyzer (right images). We notice that the complete extinction of the transmitted light in the latter case indicates that the crystal is single. Moreover, the direction of maximum length of the sample and the orthogonal direction are directions of extinction and hence, correspond to principal axes of the system 10, 11 . Independently of the growth method we adopted, 1O typically showed a similar habit with, ab being the most prominent face. 1Y can also be grown by different methods, with typical morphology consisting of a rhombic prism {011} as shown in Fig. 3 . In these crystals the ab face is expected to be either absent or only slightly developed. 7 For this reason, we preferred to study the optical properties of 1Y crystals obtained by inducing the irreversible 1O → 1Y phase transition by progressively heating 1O in a nitrogen atmosphere. Figure 4 shows two images taken on the same sample under the transmission microscope before and after the temperatureinduced phase transition (left panels), together with two images taken on the same portion of the same sample under the fluorescence microscope during the phase transition (central panels). In the latter case, the colors recorded by the camera are slightly different with respect to those observed by the naked eye due to experimental artifacts. As determined by variable temperature single-crystal X-ray diffraction experiments, 4 the 1O → 1Y phase transition leaves almost unchanged the direction of the crystallographic axes of the two phases. As a consequence, the exposed face of the 1Y platelets obtained by phase transition corresponds to the ab face and we can also assume their a and b axes to be almost parallel to the corresponding axes of the starting 1O phase. The molecular packing for the two polymorphs is shown in the right panels of Fig. 4 . . Images taken on the same sample under the transmission microscope before and after the temperatureinduced phase transition (left panels), together with two images taken on the same portion of another sample under the fluorescence microscope during the phase transition (central panels). In the latter case, the colors recorded by the camera are slightly different with respect to those observed by the naked eye due to experimental artifacts. The molecular packing for the two polymorphs is shown in the right panels. Figure 5 shows the UV-visible absorption spectra measured at normal incidence on the accessible face (ab) of (a) 1O and (b) 1Y obtained by 1O → 1Y phase-transition. In both cases, the two spectra correspond to the two orthogonal directions of polarization of the incident light along the a ad b unit-cell axes. For the 1O crystal, the b-polarized spectrum shows a band centered at about 3.2 eV. The center of the a-polarized band can be tentatively deduced to be at about 3.2-3.3 eV. Despite saturation, the ratio between the intensities of the two orthogonally-polarized bands can be deduced to be between 2 and 3. For the 1Y crystals, a relatively strong band is observed for one polarization and it too is widely affected by saturation, but its center can be tentatively deduced to be at about 3.4-3.5 eV. For the other polarization, a weak band is detected centered at about 3. For the understanding of the optical properties of the solids, the electronic optical transitions of the isolated molecule have been computed with Gaussian03. 12 The calculations were carried out on the optimized geometry of the molecule, which possesses C 2 symmetry. The singlet excitation energies were computed by means of time-dependent density functional calculations. The parameter-free hybrid functional PBE0 was employed along with the standard valence double-ξ polarized basis set 6-31G(d,p) for C, H, Cl, N, and O. For Re the StuttgartDresden effective core potentials were employed along with the corresponding valence triple-ξ basis set. Results are reported in Table I for the singlets at lowest energy. The most intense transitions of the single molecule are the 6 th , which is polarized along the long molecular axis L, and the 3 rd , which is mostly along the M axis. The L, M, and N axes are defined as the inertial axes of the molecule, where L is the longest one, N is the shortest one. In the crystal, each molecular electronic transition is predicted to give rise to several excitonic transitions, depending on the number of molecules per unit cell. We can express crystal excitonic states in terms of delocalized wavefunctions and excitonic bands can be found by diagonalizing the corresponding resonance-interaction matrix 2 In the present case, excitonic interactions inside the crystal were approximated to be interactions between point-dipoles located at the center of mass of each molecule and the resonance-interaction matrix has been computed for an infinite crystal using Ewald's method. 2 Coupling between different molecular transitions has been included, which causes some redistribution of the excitonic intensities between all the states involved, although the effect is relatively small and for brevity, we do not discuss it. Also, any gas-to-crystal shift has been neglected. Leading from the calculation of the exciton energies and their strengths, the material dielectric tensor of each polymorph was built from the relation
1O and 1Y polymorphs: UV-visible absorption
where d n is the calculated dipole moment in the direction of the n-th transition, ε 0 is the vacuum permittivity, V is the volume of the unit cell, γ(E)=0.1E is a damping factor, ε ∞ is a background term which was taken equal to 3.6 8, 11 , and E n is the calculated energy for the n-th excitonic transition. From the material dielectric tensor, a transfer matrix algebra can be used to describe the propagation of a monochromatic plane wave through an anisotropic medium with a given thickness to extract its absorbance spectrum.
14 Two types of simulation were performed: in the first case, only the purely electronic transitions (extracted from Table 1) were considered, whilst in a second case a vibrational mode was added to the 6 th molecular transition. We included an effective vibrational mode with frequency 2100 cm -1 which is based on an average of a cluster of frequencies we found in the calculated IR spectrum. The adiabatic transition energy E 00 was calculated by subtracting the excited state relaxation energy Δ from the vertical transition energy, where S is the Huang-Rhys parameter and ν is the coupled vibrational mode 15 . We assumed the vertical transition to be the maximum energy found in the spectrum, corresponding to the centroid of a Franck-Condon progression with Huang Rhys parameter equal to 1.
The simulated curves for the 1O crystal (ab exposed face) are reported in Figure 5c and those for the yellow polymorph 1Y in Figure 5d . In the 1O case, each molecular electronic transition gives rise to eight excitonic bands. They must be polarized along the unit-cell axes, as expected for orthorhombic crystals. 7, 10, 11 At the center of the Brillouin zone, out of eight states, two are dark, two are polarized along the crystal a axis, two along b and two along c. When considering that the exposed face of the 1O crystals is the ab face, two orthogonallypolarized main transitions in the same spectral range are expected originating mainly from the 6 th molecular transition as seen in Fig 5(a) and in the simulation (panel c). The most intense band is the a polarized band with intensity ratio between the a-and b-polarized bands expected to be almost 3, in good agreement with the measured ratio.
The simulated spectra show the peculiar characteristics of the corresponding experimental spectra. In the case of the purely electronic approximation (dashed line), this energy is found equal to 3.19 eV, while the maximum in the vibronic regime is red-shifted approximately by one vibration energy (0.26 eV). There is evidence of some underlying structure in the experimental spectra for the two polarisations -especially in the b-polarisation spectrum, which is exposed more clearly in the simulated spectra. For the 1Y polymorph, each molecular transition gives rise to four excitonic bands, which are either b or ac polarized, as expected for monoclinic crystals where b is the monoclinic axis.
11,13 Out of four excitonic states, three are dark. As far as the strongest molecular transition is concerned (6 th , L polarized), the L molecular axes of the four molecules in the unit cell are all parallel to each other and parallel to the b axis (Fig. 6) . For this reason, the allowed excitonic transition (8.93 D) of 1Y is b-polarized. The 3 rd molecular singlet comes from a MN-polarized molecular transition (mainly M-polarized) and is predicted to give a single relevant absorption peak, which is expected to be acpolarized (mainly c-polarized, forming an angle of about 20° with the c axis). Indeed, the M and N molecular axes of all the four molecules in the unit cell are parallel to the ac plane. Based on these considerations, at normal incidence on the ab exposed 1Y face it is possible probing the bpolarized excitons and the projections along the a axis of the ac-polarized ones. However, the ac-polarized transition originating from the 3 rd molecular singlet is negligible with respect to the strong b-polarized band originating from the 6 th molecular singlet. Indeed, the measured spectra in Fig. 5c do not show any significant band at about 2.7 eV corresponding to the ac transition, while a strong band is observed in the b-polarized experimental spectrum, whose center has been tentatively deduced to be at about 3.4-3.5 eV. This band is mainly attributable to the b polarized excitonic state from the 6 th molecular transition. We believe that the weaker band at about 3.2 eV in the measured a-polarized spectrum is a consequence of a slightly uncompleted phase-transition. Indeed, the a axis of the 1Y crystal after the phase transition coincides with the a axis of the starting 1O crystal (as already discussed) and a pronounced band is expected at about 3.2 eV for the a-polarized 1O phase (see panels (a) and (c) of Fig. 5 ). The main features of the experimental curves are well reproduced in the simulated spectra, in particular the polarization and relative intensity of the optical bands.
Conclusions
From this experimental and computational study of the crystal structure, shape and optical properties of Re 2 (μ-Cl) 2 (CO) 6 (μ-4,5-(Me 3 Si) 2 pyridazine), the relevant role of molecular packing in governing and tailoring the UVvisible properties are deduced. This study on the two polymorphs (1O and 1Y) of this rhenium complex allowed the attribution of the observed UV-visible absorption bands, of their polarizations and intensities in the framework of the theory of molecular excitons. Experimental and calculated results are in good agreement. Molecular packing is the key-factor causing the main differences between the absorption properties of the two polymorphs since it induces different redistributions of oscillator strength among the possible excitons. In particular, we underline that the aggregation is H-like only for the 1Y polymorph (concerning the 6 th molecular electronic transition). The different effects of vibronic coupling for the two polymorphs have also been reported.
